Cuttings of the southeast Asian tropical rain forest tree species, Pongamia pinnata (L.) Pierre were raised in growth chambers providing a photosynthetic photon flux density (PPFD) of 60 µmol m -2 s -1 with either a low or a high red:far-red light ratio (LR and HR, repectively). The chambers were supplied with air containing CO 2 at a concentration of either 400 (LR4 and HR4, respectively) or 800 µmol mol -1 (HR8 and LR8, respectively). After 4 months, leaf morphology and photosynthetic characteristics were determined. Relative to HR4, the LR4 treatment increased leaf area and total chlorophyll concentration (Chl) by 24 and 25%, respectively, but reduced leaf mass per unit area (LMA) by 19%. Elevated [CO 2 ] significantly increased leaf area and LMA but did not affect Chl of LR or HR plants. Leaf nitrogen concentration was unaffected by the red:far-red light ratio but decreased significantly in seedlings in the elevated [CO 2 ] treatment. Photosynthesis measured in situ under the growth conditions of ambient light and [CO 2 ] (A amb ) was 30% lower on an area basis and 14% lower on a mass basis in LR4 plants than in HR4 plants. Elevated [CO 2 ] reduced the activity of ribulose-1,5-bisphosphate carboxylase/oxygenase and thus decreased light-saturated photosynthetic rate in both HR and LR plants. Elevated [CO 2 ] increased mean leaf area and decreased respiration rates in both LR and HR plants. The LR8 plants had significantly higher A amb than LR4 plants, but similar A amb to HR8 plants.
Introduction
Photosynthesis in C 3 plants is sensitive to increases in carbon dioxide concentration ([CO 2 ]), because the present atmospheric [CO 2 ] is insufficient to saturate ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), and because CO 2 inhibits the competing process of photorespiration Drake 1992, Drake et al. 1997) . As a result, an increase in atmospheric [CO 2 ] increases biomass accumulation of temperate crop, grassland, and forest ecosystems, at least in the short term (Bazzaz 1990 , Long and Drake 1992 . Tropical forests comprise 51% of the area and 62% of the biomass of forests worldwide (Sasaki 2000) and therefore play a key role in the terrestrial carbon cycle. However, the response of tropical forest tree species to increasing atmospheric [CO 2 ] is largely unknown.
Seedlings in the tropical forest understory usually receive a photosynthetic photon flux density (PPFD) of between 5 and 25 µmol m -2 s -1 , or 1-2% of that at the canopy level (Pearcy 1987 , Chazdon 1988 , de Castro 2000 , although they receive intermittently high PPFD in sunflecks (Tang et al. 1999) . The canopy also reduces the red:far-red ratio (R:FR) of light reaching the understory (Smith 1994) , the effect being in proportion to the degree of shade (Lee 1987, Turnbull and Yates 1993) . Solar radiation transmitted by foliage is particularly rich in green light (around 550 nm) (Endler 1993 , Smith 1994 , Lee et al. 1996 . Depression of the R:FR ratio influences the phytochrome equilibrium in plant tissues (Smith 1994) , and may affect the efficiency with which intercepted radiation is used in photosynthesis (Balegh and Biddulph 1970, Clark and Lister 1975) .
Research on light responses of tropical rain forest trees has been limited largely to the photosynthetic and growth responses to total radiant flux, not light spectral quality (Fetcher et al. 1983) . A few studies (Turnbull 1991 , Ashton 1995 , Lee et al. 1996 , Osborne et al. 1997 , Lee et al. 2000 have shown that low R:FR ratio reduces growth and photosynthesis of tropical trees, although Kitajima (1994) detected no such effect on growth and biomass allocation patterns in 16 tropical taxa. Apparently undocumented is the interaction of [CO 2 ] and light spectral quality on photosynthesis of tree seedlings in the tropical forest understory.
Although carbon assimilation in the understory of a tropical forest is limited by the amount and quality of radiant flux, there may be some compensating enhancement in response to the elevation of [CO 2 ] near the forest floor caused by to soil CO 2 efflux. Studies of co-occurring tree species indicate that the elevated [CO 2 ] of the understory environment enhanced photosynthesis in shade-tolerant trees more than in shade-intolerant trees (Bazzaz et al. 1990 , Ziska et al. 1991 , Kubiske and Pregitzer 1997 .
We investigated the effects of both light spectral quality and [CO 2 ] on gas exchange and leaf chlorophyll (Chl) and nitrogen (N) concentrations of cuttings of a shade-tolerant, southeast Asian tropical rain forest tree, Pongamia pinnata (L.) Pierre grown for 4 months under four experimental conditions: two CO 2 treatments (400 and 800 µmol mol -1 ) × two light quality regimes (low and high R:FR).
Materials and methods

Plant materials and growth conditions
We studied the tropical rain forest tree species, Pongamia pinnata (Leguminosae), a dominant species in primary forests along the coasts of the Pacific Ocean from southeast Asia to northern Australia (Corner 1986, Rao and Chin 1989) . Pongamia pinnata is a partly deciduous, medium-sized (15 m high), low branching tree that casts a deep shade on the forest floor. Seedlings of P. pinnata are considered shade-tolerant, because they grow well in the understory and their establishment is not dependent on gaps (F.S.P. Ng and E. Philip, Forest Research Institute, Malaysia, unpublished data). On September 10, 1997, cuttings were collected from a mother tree about 30 years old growing in a seashore rain forest on Pangkor Laut (4°13′ N, 100°21′ E), 5 km off the west coast of the Malaysian peninsular.
On September 15, 1997, cuttings (20-25 cm long) with two nodes were propagated in controlled environment rooms (3.0 × 4.0 × 3.0 m; ACP-1L, Koito Corporation, Tokyo, Japan) on the campus of the National Institute for Environmental Studies (NIES), Tsukuba, Japan. The rooms provided a PPFD of 100 µmol m -2 s -1 (12-h photoperiod) from 400-W solar lamps (MLRBOC400F-U, Mitsubishi/Osram, Tokyo, Japan), a day/night temperature of 25/22°C, and a relative humidity of 80%. On October 15, 1997, each rooted cutting was transplanted to a 5-l plastic pot containing a 2:1:1 (v/v) mixture of mineral soil, gravel and vermiculite. To minimize effects of previous conditions and standardize for plant size, all shoots and leaves were removed immediately following transplantation.
The controlled environment rooms were programmed to change the PPFD, temperature, and humidity at the start and end of each photoperiod. The PPFD was increased from 0630 h and decreased from 1730 h in four steps (225, 410, 605 and 780 µmol m -2 s -1 1.5 m above ground) at 30-min intervals.
Twelve 1.0 × 1.0 × 2.25 m Plexiglas chambers were used to maintain four combinations of R:FR and [CO 2 ] (three replicates per treatment) during the growing season. The chambers were covered with neutral Teflon film (0.2 mm) perforated with 5-mm diameter holes around the top of the chamber. Ambient air was forced through the chambers at 800 l min -1 with blowers located at the base of each chamber. The pots were placed at about 1.0 m height inside the chambers. A constant PPFD of 60 µmol m -2 s -1 was maintained at 1.5 m height. The PPFD was measured with a Li-Cor LI-250 light meter (Li-Cor, Inc., Lincoln, NE) and a Li-Cor LI-190SA quantum sensor. Six chambers were placed in each controlled environment room; there were three replicates for each light environment. For the high R:FR light (HR) regime, which was representative of an open site or forest gap, the light was attenuated with neutral black shade cloth. The low R:FR light (LR), representative of the shaded understory of a tropical rain forest, was created by covering the top of the chambers with fern-green filters (No. 04, Mitsui Corp., Tokyo, Japan) and decreasing the PPFD with neutral black shadecloth to 60 µmol m -2 s -1 . The sides of the compartments were covered with black film to eliminate reflected lateral illumination. Spectral distribution of light in the chambers was determined with a Li-Cor LI-1800 spectroradiometer. The R:FR ratios calculated from the spectral data are listed in Table 1 . The green filters did not bleach during the experiment, and no changes in the transmission spectrum were observed. The PPFDs in all chambers were calibrated once every 2 weeks.
One controlled environment room maintained a [CO 2 ] of 400 µmol mol -1 in both the HR (HR4) and LR (LR4) chambers, providing a concentration typical of the tropical forest floor (Aoki et al. 1978 , Buchmann et al. 1997 . The other controlled environment room provided an elevated [CO 2 ] of 800 µmol mol -1 in both the HR (HR8) and LR (LR8) chambers. The [CO 2 ] was controlled by a computer-driven injection system (Seitetsu Kagaku, Tokyo, Japan) and monitored with Fuji-ZRH infrared gas analyzers (Fuji Electric Co. Ltd., Tokyo, Japan). Plants subjected to the high and low R:FR ratios and [CO 2 ] are referred to as HR4, LR4, HR8 and LR8 plants, respectively. Each chamber held 15 plants. The day/night air temperature was maintained at 28/23°C, and relative humidity was maintained near 80% in all treatments; values typical of the understory of Malaysian rain forests (Aoki et al. 1978) . Plants were watered twice daily (0500 and 1700 h) to soil capacity with tap water, and fertilized every day at 1100 h with diluted (1:1500 v/v) Hyponex (5% N, 10% P 2 O 5 , 5% K; Hyponex, Tokyo, Japan). To avoid self-shading, only one emerged shoot per cutting was maintained.
Gas exchange measurements
All developed leaves were exposed to their treatment environments from the time of initiation. Gas exchange of the central leaflet of the second or third fully expanded leaf (2-3 weeks old) was measured in situ with a Li-Cor LI-6400 portable photosynthesis system. Ten to 15 leaves from at least 10 plants 1048 LIANG, TANG AND OKUDA TREE PHYSIOLOGY VOLUME 21, 2001 were measured per treatment. Photosynthesis was measured between 0800 and 1600 h under the growth conditions of the leaf (A amb ). Leaf temperature was maintained at 28.0 ± 0.1°C. Additional measurements were made to determine the responses of photosynthesis (A) to incident PPFD and intercellular [CO 2 ] (C i ). The A/PPFD responses were determined at the growth [CO 2 ]. Light was provided by a Li-Cor LI-6400-02B blue-red LED light source. The A/C i responses were determined by using an LI-6400-01 external CO 2 source assembly, at the ambient irradiance (LR and/or HR = 60 µmol m -2 s -1 ; and HR = saturating irradiance from the LED lamp of 1000 µmol m -2 s -1 ). The saturating PPFD of 1000 µmol m -2 s -1 was determined from the A/PPFD response curves (Figure 1 ). Respiration rate (R d ) was determined in darkness at the growth [CO 2 ]. Apparent photosynthetic quantum yield (φ) was determined as the initial slope of the A/PPFD response curves. Photosynthetic light compensation point (Q lcp ), when A = 0, was calculated from -R d /φ. Light-saturated photosynthetic rate (A sat ) and the corresponding stomatal conductance (g s-sat ) are the means of values collected at a PPFD of greater than the saturation point for each plant. Maximum in vivo carboxylation activity of Rubisco (V c,max ; µmol m -2 s -1 ) and maximum rate of whole-chain electron transport contributing to Rubisco regeneration (J max ; µmol m -2 s -1 ) were calculated from the A/C i curves by the method of Harley et al. (1992) with the temperature correction of McMurtrie and Wang (1993) . The PPFD and C i responses of photosynthesis were evaluated for six leaves per treatment (two leaves from each compartment, with each leaf from a different plant).
Chlorophyll and leaf nitrogen concentrations
Samples of leaves for chemical analysis were harvested at the time of the gas exchange measurements. About 1.0 g fresh weight of leaf sections (obtained with a 1-cm-diameter cork borer) were cut into small strips and ground with 10 ml of 80% acetone at 5°C. The samples were centrifuged at 1000 g for 2 min at 5°C and the clear supernatant removed and diluted to 50 ml with 80% acetone. Chlorophyll concentration of the diluted supernatant was determined spectrophotometrically with a U-3000 spectrophotometer (Hitachi Ltd., Tokyo, Japan) as described by Barnes et al. (1992) . Photosynthetic chlorophyll-use efficiency (CHUE) was calculated as µmol CO 2 assimilated per gram Chl per second.
To determine total leaf nitrogen (N concentration), leaf material was dried to constant mass at 75°C and ground to a fine powder. Nitrogen concentration of the ground samples was determined by an oxygen-circulating combustion system and chromatographic separation in an automatic N-C analyzer (NC-90A, Shimadzu Corp., Osaka, Japan). Photosynthetic nitrogen-use efficiency (NUE) was calculated as µmol CO 2 assimilated per gram N per second.
Statistical analyses
Individual plants, randomly selected and measured within growth chambers, represented the statistical unit. We used Fisher's least significant difference test, with a significance threshold of P < 0.05, for post hoc comparisons. The relative influences of [CO 2 ] and R:FR ratio on the photosynthetic characteristics of different treatment combinations (two [CO 2 ]s × two R:FRs) were determined by two-way analyses of variance. Treatment effects were quantified by calculating their coefficients of determination (Lee et al. 1996, Stuefer and Huber 1998) , and dividing the sum of squares from the two-way analysis of variance by the total sum of squares. Statistical analysis was performed with Version 4.5 of the StatView statistical software package (SAS Institute Inc., Cary, NC).
Results
Leaf structure
In ambient [CO 2 ], leaves grown in LR light were greater in area but thinner than leaves grown in HR light (cf. LMA values in Tables 2 and 3 ). Individual leaf area increased significantly in response to elevated [CO 2 ] in both HR and LR plants, and the interaction between R:FR and [CO 2 ] on individual leaf area was significant (P < 0.001, Table 3 
Light responses of photosynthesis
The LR4 plants had a significantly higher A sat by leaf area than HR4 plants (Figure 1, Table 4 ). Elevated [CO 2 ] significantly decreased A sat in both LR and HR plants. Among treated plants, the highest A sat was measured in LR4 plants and the lowest in HR8 plants. The reduction in A sat in response to elevated [CO 2 ] was associated with a significant decrease in stomatal conductance (g s-sat ) (P < 0.001). The interaction of R:FR and [CO 2 ] on A sat was significant (P < 0.05), but the interaction on g s-sat was not. When expressed on a mass basis, A sat gave a similar ranking to that on an area basis, but the effects of R:FR and [CO 2 ] were more evident ( Table 3 .
Characteristic HR4 HR8 LR4 LR8
Morphology Leaf area (cm 2 leaf -1 ) 37 ± 1 a 49 ± 2 c 46 ± 2 b 50 ± 2 c Total chlorophyll (mg m -2 ) 259 ± 6 a 290 ± 9 ab 323 ± 24 bc 337 ± 36 c Chlorophyll a/b ratio 2.9 ± 0.0 a 2.9 ± 0.2 a 2.7 ± 0.3 a 2.5 ± 0.3 a Nitrogen concentration (mg m -2 ) 737 ± 69 a 648 ± 2 b 769 ± 52 a 631 ± 14 b Leaf mass per unit area (g m -2 ) 37 ± 2 a 38 ± 4 a 30 ± 3 b 38 ± 4 a
Photosynthetic characteristics under ambient growth conditions A amb (µmol m -2 s -1 ) 2.7 ± 0.6 b 3.3 ± 0.5 c 1.9 ± 0.4 a 3.0 ± 0.6 bc A amb (nmol (g DW) -1 s -1 ) 74 ± 16 b 88 ± 13 b 64 ± 10 a 79 ± 16 b A amb (µmol (g Chl) -1 s -1 ) 11.1 ± 1.5 c 11.7 ± 2.8 c 5.8 ± 1.7 a 8.2 ± 1.6 b A amb (µmol (g N) -1 s -1 )
3.7 ± 0.5 b 5.1 ± 0.7 c 2.5 ± 0.4 a 4.8 ± 0.6 c g s-amb (mmol m -2 s -1 ) 53 ± 13 a 46 ± 12 a 32 ± 9 b 28 ± 6 b R d (µmol m -2 m -1 ) 0.64 ± 0.09 a 0.41 ± 0.06 b 0.48 ± 0.07 b 0.35 ± 0.06 c Table 3 . Coefficients of determination for effects of light quality (R:FR) and [CO 2 ] on plant morphology and photosynthetic characteristics under the treatment growth conditions (data presented in Table 2 ). Significance levels are: *** = P < 0.001; ** = P < 0.01; * = P ≤ 0.05; ns = P > 0.05. Table 2 ). The interaction of R:FR and [CO 2 ] on g s-amb was significant (Table 3) . In contrast, stomatal conductance at saturating light (g s-sat ) was influenced significantly (P < 0.001) by growth [CO 2 ] in both HR and LR plants (Table 4 ). However, R:FR had almost no effect on g s-sat (P > 0.1), and the interaction between growth light quality and [CO 2 ] on g s-sat was not significant (Table 5) .
Carbon dioxide responses of photosynthesis
Photosynthetic rates of all treated plants increased asymptotically as the measurement [CO 2 ] increased, when measure-ments were conducted in either ambient light ( Figure 2 ) or saturating PPFD (Figure 3) . In both cases, photosynthesis of plants grown at 400 µmol mol -1 CO 2 increased more than in plants grown at the elevated [CO 2 ]; i.e., photosynthesis for a given C i was always lower in plants grown at the elevated [CO 2 ] than in plants grown at the ambient [CO 2 ] (Figures 2  and 3 ). Elevated [CO 2 ] resulted in apparent reductions in maximum in vivo carboxylation activity of Rubisco (V c,max ) of 58 and 55% for HR and LR plants, respectively, and reductions in maximum rates of whole-chain electron transport (J max ) of 67 and 48%, respectively (Table 4 ). However, R:FR TREE PHYSIOLOGY ONLINE at http://heronpublishing.com IS ELEVATED CO2 BENEFICIAL TO TROPICAL UNDERSTORIES? 1051 Table 4 . Asterisks: *** = P < 0.001; ** = P < 0.01; * = P ≤ 0.05; ns = P > 0.05. did not significantly affect V c,max or J max (Table 5 ) and the interaction of R:FR and [CO 2 ] was not significant on either V c,max or J max (Table 5) .
Discussion
Light quality and [CO 2 ] had interactive effects on morphology and gas exchange of leaves of P. pinnata cuttings. After 4 months, mean leaf area of all LR plants was greater than that of HR plants ( Table 2) , indicating that a reduction in R:FR ratio can increase the light interception area of understory plants (cf. Chow et al. 1990 , Heraut-Bron et al. 1999 ). Comparable results have been observed in some other tropical tree species (Kitajima 1994 , Tinoco-Ojanguren and Pearcy 1995 , Lee et al. 1996 . At ambient [CO 2 ], LR plants accumulated significantly more chlorophyll and nitrogen than HR plants (Table 2) , which is consistent with published data for shade-grown seedlings of shade-tolerant trees (Kwesiga et al. 1986 , Lee et al. 1996 , Kubiske and Pregitzer 1996 . Leaf light absorption is strongly dependent on chlorophyll concentration, and A sat has a strongly positive relationship with leaf N concentration (Björkman 1981 , Field and Mooney 1986 , Long and Drake 1992 , Liang et al. 1995 , Lee et al. 2000 . Therefore, the greater φ and A sat of LR4 plants compared with HR4 plants were likely causally related to LR-induced increases in concentrations of leaf chlorophyll and N. Because growth of seedlings in a shaded tropical understory is mainly carbon-limited (Fetcher et al. 1983 , Pearcy 1987 , Chazdon 1988 , the increase in φ that we observed in response to LR probably enhances the light-harvesting capacity of P. pinnata seedlings, enabling them to grow in deep shade at the current ambient forest floor [CO 2 ]. Additionally, a lower light compensation point and respiration rate in LR light than in HR light would extend the period during the day when leaves of P. pinnata seedlings are able to maintain a positive net assimilation rate in deep shade. However, LR4 plants had a lower A amb on both a leaf area basis and a leaf mass basis than HR4 plants, despite being thinner, suggesting that P. pinnata responded to light quality mainly through biochemical acclimation of the photosynthetic apparatus (Kubiske and Pregitzer 1997) . The photosynthetic action spectrum of P. pinnata showed a peak in the red region of the spectrum and a smaller peak in the blue region (Figure 4) . Therefore, we assume that the significantly lower A amb in LR4 plants than in HR4 plants reflects the deficit in the red and blue regions of the spectrum. The deficiency of blue light may have affected stomatal opening as well as photosynthesis (Balegh and Biddulph 1970 , Clark and Lister 1975 , Smith 1994 . However, the significantly lower in situ CHUE and NUE in LR4 plants than in HR4 plants may indicate that P. pinnata seedlings are able to survive deep shade only if they are able to accumulate high concentrations of leaf chlorophyll and N.
The significantly greater in vivo Rubisco activity (V c,max ) and respiration rate (R d ) of plants grown at ambient [CO 2 ] relative to plants grown at elevated [CO 2 ] (Table 2 and 4) confirm that carboxylation of Rubisco is limited by, and oxygenation of Rubisco is relatively independent of, [CO 2 ] at the current ambient forest understory value Drake 1991, Drake et al. 1997 . Photosynthetic rate (A) and stomatal conductance (g s ) in leaves of P. pinnata exposed to a quantum flux of 60 µmol m -2 s -1 at various wavelengths from 400 to 700 nm at an atmospheric [CO 2 ] of 400 µmol mol -1 . Values are means of six leaves. Photosynthesis (᭹, solid line) is plotted against the left scale; stomatal conductance (᭺, dashed line) is plotted against the right scale. The action spectra were measured at 20-nm intervals with the NIES spectrograph system (Nihon Bonkou Corporation, Tokyo, Japan) that provides monochromatic illumination from a 30-kW Xenon short-arc lamp (cf. Watanabe et al. 1982 ). The half-bandwidth of the irradiation was 6 nm.
creased A amb in LR and HR plants. Although the effect of light quality on V c,max was not statistically significant (Tables 4  and 5 ), the greater difference in A amb between LR8 and LR4 plants (Tables 2 and 3 ) than between HR8 and HR4 plants may indicate that Rubisco is more limited by the current ambient [CO 2 ] in understory-grown plants than in open-grown plants (Osborne et al. 1997) . Elevated [CO 2 ] significantly increased photosynthetic NUE in LR and HR plants, which is consistent with the observed increase in carboxylase versus oxygenase activity of Rubisco (Berntson and Bazzaz 1997, Cotrufo et al. 1998 (Kwesiga et al. 1986 , Lee et al. 1996 . Measurements in Australian tropical forests have shown that utilization of sunflecks may account for more than 30% of carbon gain by understory plants (Pearcy 1987 , Chazdon 1988 ). In our treatments, photosynthesis was light-saturated at PPFD < 500 µmol m -2 s -1 , suggesting that A sat may be achieved from sunflecks in the understory. However, in Malaysian equatorial forests, leaves of seedlings rarely reach A sat , because there are few canopy gaps (Yasuda 1998) , and sunflecks (PPFD >150 µmol m -2 s -1 ) in the understory usually last less than 2 min per day (Tang et al. 1999) . In a related study in Malaysian equatorial primary forest, height and stem-diameter growth of seedlings of six canopy species were closely related to photosynthetic rates at the understory irradiance (PPFD = 20 µmol m -2 s -1 ) but not to A sat (N. Liang and S. Numata, Tokyo Metropolitan University, unpublished data). Kitajima (1994) and Barker et al. (1997) also demonstrated that higher A sat does not necessarily promote the growth or survival of seedlings in tropical forests.
Plants grown in elevated [CO 2 ] showed photosynthetic acclimation to further elevation in [CO 2 ]. In both LR and HR plants, A sat was lower in elevated [CO 2 ] than in ambient forest floor [CO 2 ]. Extrapolating from the A/C i responses, the reduction in A sat in response to elevated [CO 2 ] probably resulted from the significant decreases in both V c,max and J max at elevated [CO 2 ]. Reductions in V c,max and J max in response to CO 2 enrichment are commonly correlated with a reduction in leaf N concentration or an increase in the leaf C:N ratio (Long and Drake 1992 , Osborne et al. 1997 ). Reductions in V c,max and J max at elevated [CO 2 ] are expected to offset the increase in φ in leaves grown in both LR and HR light (Long and Drake 1991) . Our data are inconsistent with observations that elevated [CO 2 ] significantly increases φ in some temperate C 3 species (Ziska et al. 1991 , Kubiske and Pregitzer 1996 , Osborne et al. 1997 ). However, acclimation to elevated [CO 2 ] affected the stimulation of photosynthesis by low F:FR light. Our results suggest that photosynthetic acclimation is a complex phenomenon that depends on both atmospheric [CO 2 ] and on the spectral quality of incident irradiance. Similarly, in a study of five British native tree species, V c,max and J max of seedlings grown at a [CO 2 ] of 350 or 700 µmol mol -1 with 90% full-sun irradiance for 75 to 104 days were either unaffected by, or were increased by, growth in elevated [CO 2 ] (Stirling et al. 1997) .
We found a significant interaction between light quality and [CO 2 ] in their effects on stomatal conductance. The LR plants had significantly lower stomatal conductance than HR plants (Table 2) , probably because LR light is deficient in the blue region of the spectrum that excites stomatal opening (Zeiger 1983, Sharkey and Ogawa 1987) . Although light-saturated stomatal conductance (g s-sat ) was unaffected by the growth R:FR, it was affected by the growth [CO 2 ] (Tables 4 and 5), which further supports the above prediction. Acclimation to elevated [CO 2 ] decreased g s-sat by 66% in both HR and LR plants, which would reduce A sat in plants grown in elevated [CO 2 ] Drake 1992, Drake et al. 1997) . Although our data are consistent with the classic response of a decrease in stomatal conductance in plants grown in elevated [CO 2 ] (Bunce 1992 , Gunderson et al. 1993 , some studies have shown that stomatal conductance does not decrease, or may even increase, in response to elevated [CO 2 ] Pregitzer 1997, Stirling et al. 1997) .
In summary, greater responses of photosynthesis to elevated [CO 2 ] occurred in LR plants than in HR plants. We assume that the lower A amb in LR4 plants than in HR4 plants was caused by a deficit in the proportion of both red light (stimulating photosynthesis) and blue light (exciting stomatal opening) in the growth light source. Plants grown in elevated [CO 2 ] showed pronounced acclimation to [CO 2 ], with significant decreases in V c,max , J max , and thus leaf N and A sat . However, this acclimation did not decrease the stimulation of photosynthesis in response to CO 2 enrichment particularly in LR plants, which responded more to elevated [CO 2 ] than HR plants. The A amb of LR8 plants was significantly higher than that of LR4 plants and similar to that of HR8 plants, and probably resulted from significant decreases in R d and Q lcp in response to elevated [CO 2 ]. Our data support the hypothesis that anthropogenic increases in atmospheric [CO 2 ] will offset, at least in part, the light limitations on photosynthesis in P. pinnata seedlings growing in the shaded understory. The data also provide evidence that light quality plays an important role in modulating photosynthetic characteristics during acclimation to elevated [CO 2 ]. We recommend that plants, especially forest-floor vegetation, not be grown in full sun or in controlled neutral-shade conditions for use in studies of photosynthetic response to global change.
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